After an ischemic stroke, neurons in the core are rapidly committed to die, whereas neuron death in the slowly developing penumbra is more amenable to therapeutic intervention. Microglia activation contributes to delayed inflammation, but because neurotoxic mechanisms in the penumbra are not well understood, we developed an in vitro model of microglia activation and propagated neuron killing. To recapitulate inflammatory triggers in the core, microglia were exposed to oxygen glucose-deprived neurons and astrocytes. To model the developing penumbra, the microglia were washed and allowed to interact with healthy naive neurons and astrocytes. We found that oxygen-glucose deprivation (OGD)-stressed neurons released glutamate, which activated microglia through their group II metabotropic glutamate receptors (mGluRs). Microglia activation involved nuclear factor B (NF-B), a transcription factor that promotes their proinflammatory functions. The activated microglia became neurotoxic, killing naive neurons through an apoptotic mechanism that was mediated by tumor necrosis factor-␣ (TNF-␣), and involved activation of both caspase-8 and caspase-3. In contrast to some earlier models (e.g., microglia activation by lipopolysaccharide), neurotoxicity was not decreased by an inducible nitric oxide synthase (iNOS) inhibitor (S-methylisothiourea) or a peroxynitrite scavenger [5,10,15,20-tetrakis(N-methyl-4Ј-pyridyl)porphinato iron (III) chloride], and did not require p38 mitogen-activated protein kinase (MAPK) activation. The same microglia neurotoxic behavior was evoked without exposure to OGD-stressed neurons, by directly activating microglial group II mGluRs with (2S,2ЈR,3ЈR)-2-(2Ј3Ј-dicarboxycyclopropyl) glycine or glutamate, which stimulated production of TNF-␣ (not nitric oxide) and mediated TNF-␣-dependent neurotoxicity through activation of NF-B (not p38 MAPK). Together, these results support potential therapeutic strategies that target microglial group II mGluRs, TNF␣ overproduction, and NF-B activation to reduce neuron death in the ischemic penumbra.
Introduction
An ischemic stroke results in an initial area of neuron death, the core, surrounded by an area vulnerable to further damage: the penumbra. When blood flow in the core is reduced, initial neuron death results from reduced ATP levels and protein synthesis, ionic imbalances, and glutamate-mediated excitotoxicity (Sharp et al., 2000) . Because of this rapid commitment to cell death and the delay to hospitalization, it is not feasible to target therapies to rescue neurons in the core (Barone and Feuerstein, 1999) . Over time, damage can propagate into the penumbra, where delayed neuron death by apoptosis and necrosis can extend for days to weeks (Zheng et al., 2003) , a time frame that renders these cells more amenable to rescue. Thus, it is essential to understand events that occur in the penumbra.
After an ischemic stroke, a prominent inflammatory response develops, propagates, and lasts for many days (Schilling et al., 2003) , and is widely believed to exacerbate neuron death (Siao and Tsirka, 2002; Bramlett and Dietrich, 2004) . Although there is evidence that inflammation in the penumbra is orchestrated by brain-resident immune cells (microglia) (Wood, 1995) , the actions of these cells are not fully understood. Microglial activation is observed within 1 d after a stroke in vivo (Schilling et al., 2003) , but it has been difficult to identify the molecule(s) that activate the microglia. A prevalent theory is that damaged neurons release ATP (Volonte et al., 2003) and glutamate (Fujimoto et al., 2004) , which activate microglial purinergic (Haynes et al., 2006) and glutamate (Taylor et al., 2002 (Taylor et al., , 2005 receptors. Much of our understanding of these events comes from in vitro models using neuron cultures or organotypic brain slice cultures, and although it is clear that such models cannot exactly replicate in vivo conditions, it is important to refine the models to better represent events occurring in the penumbra. Some stimuli used to activate the microglia in vitro are of questionable relevance to the stroke penumbra; e.g., many studies apply the bacterial endotoxin, lipopolysaccharide (LPS), an ATP analog (e.g., benzoyl-ATP), or tumor necrosis factor-␣ (TNF-␣). Clearly, LPS is not a model of stroke, and although ATP and TNF-␣ are relevant, it is very unlikely that brain tissue subjected to an ischemic stress will produce only a single molecule. A more appropriate in vitro stroke model is one that subjects isolated neurons or brain slices to oxygen-glucose deprivation (OGD), and in doing so, evokes neuron death through mitochondrial dysfunction and apoptosis (Iijima et al., 2003; Cho et al., 2004) . However, it can be argued that this is a better model of the ischemic core than the penumbra. The aim of this study was to develop an in vitro model that is more relevant to the in vivo penumbra, to investigate (1) whether ischemic neurons activate microglia and, if so, the molecules and signaling pathways involved; and (2) whether microglia activated in this manner can propagate the damage by killing healthy naive neurons and, if they do, the signals involved.
Materials and Methods

Culturing microglia and embryonic rat neurons
All animal handling was in accordance with guidelines from the Canadian Council on Animal Care. Highly purified microglia cultures were prepared from brains of 1-to 2-d-old Wistar rat pups (Charles River, St. Constant, Quebec, Canada) as previously described (Xie et al., 2002; Fordyce et al., 2005) . Briefly, rat pups were killed by cervical dislocation, and the whole cortex was dissected out. Dissociated brain tissue was minced in cold minimal essential medium (MEM; Invitrogen, Carlsbad, CA) and centrifuged (1000 rpm for 10 min). The pelleted cells were resuspended and seeded in tissue-culture flasks containing MEM supplemented with 5% horse serum and 5% fetal bovine serum. The medium was changed once, after 2 d. After 10 -12 d, the flasks were shaken on an orbital shaker for 4 -6 h at 72 rpm in the incubator to dislodge the microglia from the underlying bed of astrocytes. At this stage, the cultures were 99 -100% microglia, as judged by labeling with isolectin B4, tomato lectin, and antibodies to complement receptor 3 (CR3) or ionized calcium-binding adaptor molecule 1 (Iba1), and by real-time reverse transcription-PCR for CR3 versus other brain cell markers (Kaushal et al., 2007) . Microglia were harvested, centrifuged for 10 min at 1000 rpm, resuspended in Neurobasal A/B27 without antioxidants (as above), and seeded at 10 6 cells/well onto the upper inserts of Transwell chambers, which have 3 m diameter pores (BD Biosciences, Mississauga, Ontario, Canada). The Transwell chambers were placed in 24-well plates in a humidified incubator (95% O 2 , 5% CO 2 , 37°C).
Neuronal cultures were prepared as previously described (Fordyce et al., 2005) , using embryonic day 18 Wistar rats (Charles River). Briefly, the cortex was dissected out and incubated in 2 mg/ml papain (Worthington Biochemical, Lakewood, NJ) for 30 min at 37°C. The dissociated tissue was triturated and resuspended in serum-free culture medium (Neurobasal A/B27 medium), which contained Neurobasal A and 2% B27 supplement with antioxidants, 0.05 mg/ml Gentamycin, and 0.5 mM L-glutamine (all from Invitrogen). The cultured cortical neurons were seeded onto poly-L-ornithine-treated (Sigma, St. Louis, MO) German coverslips (Bellco Glass, Vineland, NJ) at 3 ϫ 10 4 cells/well and grown for 7-10 d to increase the proportion of mature neurons. Every 4 d, 50% of the medium was replaced with fresh Neurobasal A/B27 medium without antioxidants. After 7 d, the culture purity was determined by staining mature neurons with microtubule-associated protein 2 (MAP2) and astrocytes with GFAP: ϳ70% of the cells were neurons, and ϳ30% were astrocytes (for data, see Kaushal et al., 2007) .
The in vitro penumbra model
There were three stages in the experimental paradigm (Fig. 1) .
Stage 1. Neuron/astrocyte (ϳ70:30%) cultures were subjected to OGD by growing them on coverslips in 24-well plates and placing them in a Modular incubator chamber (Billups-Rothenberg, Del Mar, CA), where the Neurobasal A/B27 medium (without antioxidants) was replaced with oxygen-glucose free DMEM containing 5 mM HEPES (Invitrogen). The chamber was flushed with 5% CO 2 and 95% N 2 for 5 min and then sealed and incubated at 37°C for the desired time. Oxygen-glucose-free DMEM was prepared by bubbling glucose-free DMEM with 5% CO 2 and 95% N 2 for 5 min, and incubating overnight in a sealed 15 ml Falcon tube. After OGD, the neuron-containing plates were removed from the chamber, and the DMEM was replaced with normal Neurobasal A/B27 medium without antioxidants. Having determined that 60 min OGD caused ϳ40% of the neurons to become terminal deoxyuridine-triphosphate nick-end labeling (TUNEL) positive by 24 h, this duration was used for all further experimentation, except when time course experiments were conducted. Longer periods of OGD can evoke necrosis, particularly if the neurons are isolated from more OGD-sensitive regions (e.g., hippocampus) (Jiang et al., 2004; Xu et al., 2005) .
Stage 2. Because the inflammatory response develops over many hours (see Introduction), this stage was designed to represent the expanding penumbra, wherein molecules released from damaged neurons in the core of the infarct can diffuse to, and activate, nearby microglia. This was accomplished by allowing the OGD-stressed neurons ("OGD-SNs") in the lower well to chemically communicate with microglia in the porous upper insert of the Transwell chamber for 24 h (95% O 2 , 5% CO 2 , 37°C). The 3-m-diameter pores allow molecules to diffuse between the neurons and microglia, which are separated by ϳ1 mm, without permitting cell-cell contact. Note that the microglia were never exposed to OGD, because it is not known how ischemia would affect their activation.
Stage 3. This stage was designed to ask whether the stimulated microglia develop a neurotoxic phenotype and, if so, what diffusible molecules are responsible for microglial activation and their ability to kill healthy neurons. Because it was important to avoid carryover of molecules secreted by OGD-stressed neurons or compounds used to treat the microglia, the microglia-bearing inserts were thoroughly washed with Neurobasal A/B27 medium (without antioxidants) before they were placed in new Transwell chambers above healthy naive neurons. Importantly, these test neurons were never exposed to OGD.
Treatments
For selected experiments, microglia alone were treated with the following: an inhibitor of inducible nitric oxide synthase, 100 M S-methylisothiourea (SMT; EMD Biosciences, San Diego, CA); 50 ng/ml soluble tumor necrosis factor-␣ receptor 1 protein (sTNFR1; R & D Systems, Minneapolis, MN); the peroxynitrite scavenger, 2 M Figure 1 . The in vitro penumbra model: basic experimental paradigm (see Materials and Methods and Results for further details). Microglia were seeded onto the upper permeable insert of a Transwell chamber, and neuron cultures (with ϳ30% astrocytes) were grown on coverslips, which were placed in the lower well. Importantly, because the upper and lower parts of the chamber can be separated, the microglia and neurons can be treated separately. Stage 1, Neurons in the bottom well of a Transwell chamber were subjected to OGD, and two of their responses were assessed: apoptosis (see Fig. 3B ) and glutamate release (see Fig. 5A ). Stage 2, Microglia growing in the porous upper insert were exposed to these OGD-SNs in a Transwell chamber for varying times and then assessed for activation of p38 MAPK and NF-B and production of TNF-␣ and nitric oxide (see Fig. 2 ). Stage 3, Alternatively, microglia were exposed to OGD-SNs for 24 h, washed thoroughly, and then placed in a new Transwell chamber above healthy target ("naive") neurons (with ϳ30% astrocytes), which were then removed and assessed for activation of caspase-3 and caspase-8 after 24 h (see Fig. 3C ) or TUNEL after 48 h (see Fig. 3 A, B) . 5,10,15,20-tetrakis(N-methyl-4Ј-pyridyl) porphinato iron (III) chloride (FeTmPyP; EMD Biosciences); the p38 mitogen-activated protein kinase (MAPK) inhibitor, 2 M 4-(4-fluorophenyl)-2-(4-hydroxyphenyl)-5-(4-pyridyl)-1 H-imidazole (SB 202190; EMD Biosciences); 50 ng/ml of an IB kinase inhibitor peptide (EMD Biosciences); or an agonist of group II metabotropic glutamate receptors (mGluRIIs), 250 nM (2S,2ЈR,3ЈR)-2-(2Ј3Ј-dicarboxycyclopropyl) glycine (DCG-IV; Tocris, Avonmouth, UK). For some experiments, microglia and neurons/astrocytes in Transwell chambers (stage 2) were exposed to an antagonist of group II mGluRs or to a caspase inhibitor. To inhibit mGluRs, we used either 250 M 2S-␣-ethylglutamic acid (EGLU; Tocris), which blocks mGluR2 (K d , 35 M) and mGluR3 (K d , 4 M), or 500 nM 2S-2-amino-2-(1S,2S-2-carboxycycloprop-1-yl)-3-(xanth-9-yl) propanoic acid (LY341495; Tocris), which blocks mGluR2 (K d , 10 nM) and mGluR3 (K d , 6 n⌴) (Pin and Acher, 2002) . To inhibit caspase-3, we used 100 M DEVD-CHO (also called caspase-3 inhibitor I or CPP32/apopain inhibitor) (Nicholson et al., 1995) , which has long been used to inhibit neuronal apoptosis in culture (Du et al., 1997) . We compared the degree of neuronal rescue with the broad-spectrum caspase peptide inhibitor, 100 M Boc-D-FMK [also called BOC-Asp(OMe)-fluoromethyl ketone or caspase inhibitor III] ( Thornberry and Lazebnik, 1998) , which inhibits neuronal apoptosis (Hayashi et al., 2007) . Stock solutions were made in distilled water, except LY341495, DEVD-CHO, and Boc-D-FMK (both from EMD Biosciences), which were dissolved in DMSO and compared with DMSO controls. The final dilutions were made in the experimental solution: Neurobasal A/B27 medium without antioxidants. Control experiments included exposing neuron/astrocyte cultures to the group II mGluR antagonists (EGLU, LY341495), because the OGD-stressed cultures were exposed to these drugs.
Plate-reader assays
Neurons were grown on coverslips, and microglia were grown on the porous upper inserts of Transwell chambers (as above). After experimentation, the cells were washed, fixed, permeabilized, placed in 24-well black-walled plates (PerkinElmer, Waltham, MA), and stained (described below). Then, a spectrofluorometer (SPECTRAmax Gemini EM; Molecular Devices, Sunnyvale CA) was used to measure the average fluorescence intensity in each well. Signals were standardized as relative fluorescence units (RFU) per milligram of protein in each well, where the protein concentration was measured in each well with a Bio-Rad colorimetric protein assay and BSA standards (Bio-Rad Laboratories, Hercules, CA), using a colorimetric plate reader (model EL311SX, Bio-Tek Instruments, Winooski, VT). For every experiment, the baseline signal was calculated as the average from three wells containing neuron/astrocyte cultures that had previously been exposed to unstimulated microglia but no other reagents. Then, for each treatment, an individual experimental value was obtained by averaging the RFU/mg protein from three wells of cells from the same culture, after subtracting the baseline signal.
Multiple n values were obtained using cell cultures from different animals. Because the plate-reader assays depend on appropriate TUNEL or antibody labeling, we verified staining and monitored negative controls before using the plate reader.
Assessing neuron damage and apoptosis. Neuronal DNA damage was quantified by TUNEL, e.g., in target neurons that had been exposed to microglia that had been preexposed to separate OGD-stressed neurons (stage 3 of the standard experimental protocol shown in Fig. 1 ). In this case, neuron-bearing coverslips were removed from the Transwell chamber after 48 h, washed with PBS, fixed (30 min, 4% paraformaldehyde), permeabilized with 0.01% Triton X-100 (Sigma) in PBS containing 1% sodium citrate (2 min on ice); and then incubated (30 min, 37°C) with the TUNEL reaction mixture according to the manufacturer's protocol (Roche Applied Science, Laval, Quebec, Canada). The fluorescence signal was then detected using FITC-conjugated streptavidin (1:500; Invitrogen) and the fluorescence plate reader. To demonstrate the validity of this higher-throughput plate-reader assay, TUNEL-positive neurons were counted as a percentage of all cells, where all nuclei were stained by a 5 min treatment with 4Ј,6Ј-diamidino-2-phenylindole (DAPI; 1:2000; Sigma). The coverslips were washed in PBS (three times, 5 min each), incubated for 30 min with FITC-conjugated streptavidin, washed with PBS (three times, 5 min each), and mounted on glass slides with 1:1 glycerol:PBS. Cells were counted in five separate fields using a 10ϫ objective, a Zeiss Axioplan 2 epifluorescence microscope (Zeiss, Thornwood, NY), and Zeiss Axiocam digital camera. The TUNEL-positive cells were confirmed to be neurons, by double labeling with anti-NeuN antibody (1:200; Millipore, Billerica, MA) (see Fig. 3A ).
Neuron levels of activated caspase-3 and caspase-8 were monitored after 24 h and expressed as RFU standardized to protein content, as above. For caspase-3, neurons were scraped off the coverslips and suspended in 200 l of caspase extraction buffer (50 mM KCl, 5 mM EGTA, 1 mM MgCl 2 , 5 mM DTT, 0.2% CHAPS, 5% sucrose, and 50 mM HEPES, pH 7.5). The extract was centrifuged (1 min at 20,000 ϫ g), the pellet was discarded, and the supernatant (50 l) was combined with Ac-DEVD-AMC (5 l) and 2ϫ reaction mixture (50 l), which contained 50 mM HEPES, pH 7.4, 100 mM NaCl, 0.1% CHAPS, 1 mM EDTA, 10% glycerol, and 10 mM DTT. Caspase-3 activity was measured with a spectrofluorometer (Molecular Devices) with excitation at 365 nm and emission at 430 nm. For caspase-8, a purchased kit was used, according to the manufacturer's instructions (EMD Biosciences). Neurons were scraped off coverslips, suspended in PBS, centrifuged (5 min, 500 ϫ g), and the supernatant was discarded. Caspase-8 activity in the cell pellet was measured with a fluorescence plate reader (Model Victor 3 ; PerkinElmer) at 345 nm excitation and 480 nm emission.
Microglial NF-B and p38 MAPK activation. Microglia activation was monitored as activation of p38 MAPK and nuclear factor B (NF-B) after 30 min of exposure to OGD-SNs. Phosphorylated p38 MAPK was monitored, and a standard approach was used to measure NF-B activation, i.e., degradation of IB-␣ (Nikodemova et al., 2006) . The microgliabearing porous Transwell insets were cut out, placed in 24-well blackwalled plates, washed with PBS (three times, 5 min each), fixed for 30 min in 4% paraformaldehyde at room temperature, and permeabilized for 2 min on ice with 0.01% Triton X-100. After further washing (three times, 5 min each) the microglia were labeled (18 h, 4°C) with a rabbit polyclonal antibody against phospho-p38 MAPK (1:50; Cell Signaling Technology, Beverley, MA) or IB-␣ (1:100; Santa Cruz Biotechnology, Santa Cruz, CA). After washing in PBS (three times, 5 min each), immunoreactivity was detected using a secondary antibody (2 h, room temperature) conjugated to Cy3 (1:500; Jackson ImmunoResearch Laboratories, West Grove, PA). The relative fluorescence signal was quantified using the spectrofluorometer, as above.
Neuronal glutamate release. Neurons were exposed for 24 h to group II mGluR antagonists or control medium, and then the supernatants were harvested. Glutamate levels were determined with an Amplex Red glutamic acid assay, according to the manufacturer's instructions (Invitrogen). A black-walled, clear-bottom 96-well plate was loaded with triplicates of each sample and read (excitation 545 nm, emission 590 nm) using the spectrofluorometer. Relative fluorescence units were standardized to protein content using the BSA assay (as above), and glutamate levels were quantified by interpolation on a standard curve.
Microglial NO production. Microglia were grown on coverslips in 24-well plates, exposed for 24 h to OGD-stressed neurons, and then washed and incubated for 48 h. Nitric oxide production was measured as nitrite, using the colorimetric Griess assay (Invitrogen), as follows. Supernatant (150 l) from each well was mixed with 10 l of N-(1-naphthyl) ethylenediamine dihydrochloride, 10 l of 1% sulfanilic acid and 130 l of distilled H 2 O (30 min, room temperature), and absorbance at 570 nm was quantified using the colorimetric plate reader.
Microglial TNF-␣ production. TNF-␣ production was quantified using an ELISA kit, according to the manufacturer's instructions (R & D Systems). After microglia growing on Transwell inserts were exposed to OGD-stressed neurons for 24 h, the inserts were washed and incubated for a further 48 h. Because TNF-␣ has never been examined with this stimulus, we quantified both the amount secreted and that remaining in the microglia. That is, after sampling the supernatant, the cells were washed, and TNF-␣ remaining in the adherent microglia was measured by lysing them with 1% Triton X-100 in PBS. Total TNF-␣ was calculated as the sum of the two values. Alternatively, after microglia were stimulated with the mGluRII agonist (DCG-IV) for 24 h, we measured the amount of secreted TNF-␣ (from 50,000/cells per well in a 96-well plate) for comparison with an earlier study (Taylor et al., 2005) . For all TNF-␣ assays, absorbance was read at 405 nm using the colorimetric plate reader (as above), and each treatment was averaged from three wells and compared with a standard curve to quantify the concentration of TNF-␣.
Statistical analyses
All data are presented as the mean of each treatment group Ϯ SEM, with the number of experiments indicated. Each n value represents a separate cell culture from a different rat litter. The statistical significance of differences between experimental groups was analyzed using Origin 7.0 software (OriginLab, Northampton, MA) from one-way ANOVAs, followed by Bonferroni post hoc tests unless otherwise specified.
Results
OGD-stressed neurons activate microglia
NF-B and p38 MAPK are key molecules in pathways involved in activating the proinflammatory properties of microglia (Zhang and Stanimirovic, 2002; Pawate et al., 2004) . We monitored activation of these molecules by quantifying levels of IB-␣ and phosphorylated p38 MAPK (see Materials and Methods), a method we previously validated for microglia treated with the commonly used stimulus, lipopolysaccharide (Fordyce et al., 2005; Kaushal et al., 2007) . After microglia were exposed for 30 min to healthy naive neurons or to OGD-SNs, their phospho-p38 MAPK levels did not differ from microglia that had not been exposed to neurons ("untreated") (Fig. 2 A) . As a positive control, a 30 min exposure to lipopolysaccharide evoked a more than threefold increase in phospho-p38 MAPK, as previously seen (Kaushal et al., 2007) . In contrast to p38 MAPK, 30 min of exposure to OGDstressed neurons resulted in activation of NF-B in microglia, as seen from the ϳ80% reduction in IB-␣ ( p Ͻ 0.05) (Fig.  2 B) .
Next, we examined two potential outcomes of microglia activation, production of nitric oxide and TNF-␣, because both have been implicated in neurotoxicity after ischemic stroke. To assess the outcome of increasing the severity of the challenge to neurons, the OGD duration was increased, after which microglia were exposed to the neurons for 24 h. After exposure to OGD-stressed neurons, isolated microglia on inserts were washed and incubated for 48 h, and then TNF-␣ and NO were measured. Total TNF-␣ (i.e., secreted plus remaining in the microglia) increased from 94 Ϯ 149 pg/ml (untreated microglia) to 349 Ϯ 122 pg/ml for microglia exposed to naive neurons for 30 min (Fig. 2C) . Microglial TNF-␣ production increased with longer durations of neuron exposure to OGD, reaching 1068 Ϯ 341 pg/ml for a 120 min exposure; however, microglial NO production was not affected by naive or OGD-stressed neurons (Fig. 2 D) . Some spontaneous microglial activation is anticipated in culture, especially in the presence of naive neurons, a few of which spontaneously die; however, this was greatly reduced by conducting all experiments in Neurobasal A/B27 medium. Dramatic activation of microglia exposed to OGD-stressed neurons is evident from the observed increases in NF-B activation and TNF-␣ production. Interestingly, microglial responses in the present model differed from LPSstimulated microglia, which showed p38 MAPK activation and increased NO production (Kaushal et al., 2007) .
OGD-stressed neurons increase the neurotoxic activity of microglia
Because microglial activation and propagating neuron death are implicated in development of the stroke penumbra (see Introduction), stage 3 experiments (see Materials and Methods) (Fig.  1) were designed to test whether the neurotoxic potential of mi- Figure 2 . OGD-SNs activate microglia. Comparisons were made between untreated microglia, microglia exposed for 30 min to naive neurons, and microglia exposed for 30 min to OGD-SNs. A, OGD-stressed neurons do not activate p38 MAPK, as judged by monitoring phospho-p38 MAPK using a rabbit polyclonal antibody (1:50; Cell Signaling Technology). A 30 min exposure to lipopolysaccharide, which is included as a positive control, evoked a more than threefold increase in phospho-p38 MAPK (*p Ͻ 0.05). B, OGD-stressed neurons activate NF-B (*p Ͻ 0.05), monitored as degradation of IB-␣ using a rabbit polyclonal antibody against IB-␣ (1:100; Santa Cruz Biotechnology). C, Microglial TNF-␣ production is elicited by neurons that had been exposed to increasing durations of OGD (from 0 to 120 min; *p Ͻ 0.05). Microglia on Transwell inserts were exposed to the OGD-SNs for 24 h and then washed and incubated for a further 48 h. The total amount of TNF-␣ was measured by ELISA (see Materials and Methods for details). D, Exposure of microglia to neurons that were OGD stressed for 0 -120 min did not stimulate nitric oxide production. NO was quantified with the Griess reagent, as nitrite in the medium.
croglia is increased by preexposing them to OGD-SNs. Unless otherwise indicated, neurons alone were exposed to OGD for 60 min, and then coincubated in Transwell chambers with microglia for 24 h. Next, the microglia were thoroughly washed and placed in a new Transwell chamber above naive healthy neurons. These target neurons were collected at 48 h to monitor TUNEL, by counting cells or using the fluorescence plate reader after verifying the appropriate fluorescence labeling. Examples of staining are shown in Figure 3A , and the results of counting TUNELpositive nuclei are compared with those using the fluorescence plate reader (Fig. 3B) . Approximately 4% of the target neurons spontaneously became TUNEL positive by 48 h, which increased to 12 Ϯ 0.1% when they were exposed to untreated microglia for 24 h (Fig. 3B) . TUNEL-positive cells were identified as neurons by colabeling their nuclei with DAPI and a neuron-specific antibody against NeuN (Fig. 3A) . When microglia were preexposed to OGD-stressed neurons, their killing of target neurons was increased by a similar degree whether measured by cell counting (an increase to 28 Ϯ 3%; p Ͻ 0.01) or the plate reader (Fig. 3B) . Because TUNEL does not discriminate well between apoptotic and necrotic cell death (Labat-Moleur et al., 1998) , to further determine whether neuron death was through apoptosis, changes in activity of caspase-3 were monitored in the neuron layer (Fig.  3C,D) . Preexposure to untreated neurons did not increase the neurotoxic potential of the microglia; 15 Ϯ 2% of neurons became TUNEL positive. However, when the microglia had been preexposed to OGD-stressed neurons, caspase-3 activation in the target neurons nearly doubled ( p Ͻ 0.01), indicating that an apoptotic pathway was activated in the neurons. Caspase 3 activation was required for neuron death (Fig. 3B) , because the caspase-3 inhibitor, DEVD-CHO (Nicholson et al., 1995) , and the broad spectrum caspase inhibitor, Boc-D-FMK (Thornberry and Lazebnik, 1998) , reduced neuron death to the background level (i.e., to 15 Ϯ 1% and 17 Ϯ 1%, respectively).
Group II mGluRs increase microglia neurotoxic activity via TNF-␣
It has been proposed that the signal that propagates from dying neurons to more distant microglia in the stroke penumbra is neuron-derived glutamate acting on microglial group II mGlu receptors (Taylor et al., 2002 (Taylor et al., , 2005 . Microglia express mGluR2 and mGluR3 receptors within the group II type (Geurts et al., 2003) . Thus, the next step was to determine whether activation of mGluRIIs in microglia promotes their neurotoxic activity in our model, and if so, to identify the effector molecule(s). Microglia were stimulated for 24 h with the mGluRII agonist, DCG-IV, and then washed and incubated with naive target neurons for 48 h in the Transwell chamber. As a consequence (Fig. 4 A) , there was a significant increase in TUNEL in the target neurons compared with neurons exposed to untreated microglia ( p Ͻ 0.05), and this increased toxicity was inhibited ϳ70% by the mGluRII antagonist, EGLU ( p Ͻ 0.05). Neuron killing involved TNF-␣, but not NO, because the increase in TUNEL was reduced ϳ85% by adding the soluble TNF-␣ receptor ( p Ͻ 0.05), and unaffected by inhibiting microglia iNOS (with SMT) or scavenging peroxynitrite (with FeTmPyP). This observation prompted us to examine whether microglial activation via mGluRII receptors increased production of TNF-␣ or NO. When microglia were activated with DCG-IV for 24 h, there was more than double the TNF-␣ production (from 192 Ϯ 23 to 414 Ϯ 124 pg/ml; p Ͻ 0.05), but no increase in NO production (Fig. 4 B) . This is very similar to the effect of OGD-stressed neurons on microglia (compare with Fig.  2 B, C) . OGD-SNs increase the neurotoxic activity of microglia. A, Representative photomicrographs of target neurons in the lower wells of a Transwell chamber after 48 h of exposure to microglia. The microglia were either untreated or exposed to OGD-SNs for 24 h ("treated"). Cell nuclei were labeled with DAPI (blue), TUNEL (green), or an antibody against NeuN (red). Scale bars, 10 m. The remaining panels show similar experiments, with outcomes in target neurons in the lower wells expressed as mean Ϯ SEM for the number of separate cell cultures indicated. The label below each bar indicates the pretreatment of the neurons, before they were used to stimulate the microglia. B, Treating microglia with OGD-SNs evokes neurotoxic behavior. Bars 1-6 show TUNEL-positive nuclei counted after 48 h and expressed as a percentage of all DAPI-stained nuclei (*p Ͻ 0.05; **p Ͻ 0.01). The right bar shows the corresponding increase in the fluorescence signal from TUNEL, measured using the plate reader and compared with neurons exposed to untreated microglia ( † p Ͻ 0.05). Either the caspase-3 inhibitor, 100 M DEVD-CHO, or the broad-spectrum caspase inhibitor, 100 M Boc-D-FMK, was added at the beginning of the 48 h incubation. C, D, Microglia that had been exposed to OGD-SNs evoked activation of both caspase-3 (C) and caspase-8 (D) in naive target neurons. Fluorogenic substrates and the fluorescence plate reader (see Materials and Methods) were used to measure caspase activity in target neurons 24 h after exposure to microglia. *p Ͻ 0.05; **p Ͻ 0.01.
OGD-stressed neurons promote microglia mGluRIIdependent neurotoxic activity through TNF-␣ and NF-B
Above, we showed that microglia are activated by OGD-SNs to produce TNF-␣ (Fig. 2) , and that engaging microglial mGluRII increases their neurotoxic behavior and TNF-␣ production (Fig.  4) . It was then important to determine whether the same molecules are involved in neuron killing by microglia in the penumbra model and to identify the pathways used. In order for microglia mGluRII to be involved in their activation by OGD-stressed neurons, it is essential that sufficient glutamate be produced; i.e., the affinity (K d ) of group II mGluRs is 5.9 M for mGluR2 and 0.34 M for mGluR3 (Pin and Acher, 2002) . When cultured neurons were exposed to OGD for 60 min, they released significantly more glutamate than untreated neurons (Fig. 5A) ( p Ͻ 0.05) , and the concentration in the supernatant rose from 7 Ϯ 2 to 15 Ϯ 2 M, an appropriate range for increasing mGluRII activation. We confirmed that the microglial mGluRII was involved in the penumbra model, because subsequent killing of naive target neurons was markedly reduced when the microglia were treated with mGluRII antagonists. That is, Figure 5B shows that TUNEL increased in target neurons exposed to microglia that had been pretreated with OGD-stressed neurons ( p Ͻ 0.05), and this excess killing was reduced 72-80% by EGLU or LY341495 ( p Ͻ 0.05). Because both microglia and neurons were exposed to the drugs, an important finding was that neuronal glutamate release was not affected by EGLU, LY341495, or its solvent, DMSO (Fig. 5A) .
Because we had observed an NF-B-dependent activation of microglia and TNF-␣ production (Fig. 2) , we examined whether these two molecules were involved in the glutamate-and mGluRII-dependent activation of microglia by OGD-stressed neurons, and consequent killing of naive neurons. As before, microglia that were activated by OGD-stressed neurons killed naive neurons ( p Ͻ 0.05) (Fig. 5C ). This increased killing was prevented by adding sTNFR1 ( p Ͻ 0.05) at approximately a 50-fold higher concentration than the TNF-␣ produced by microglia (Fig. 2 B) . In contrast, neither the peroxynitrite scavenger (FeTmPyP) nor the iNOS inhibitor (SMT) affected neuron killing. Our observation that caspase-8 activation increased ϳ40% in the target neurons (Fig. 3D) ( p Ͻ 0.05) is entirely consistent with neuronal damage through the low-affinity TNF-␣ receptor, p55/TNFR1 (Feuerstein et al., 1998; Gorman et al., 1998) .
Finally, specific inhibitors were used to examine potential roles of microglial NF-B and p38 MAPK in neuron killing in this penumbra model. To avoid possible effects of these inhibitors on neurons, microglia were directly activated with 15 M glutamate (Fig. 5D) , the same concentration as measured in the neuron supernatant after 60 min of exposure to OGD (see above). As expected, glutamate activated the microglia through mGluRII and significantly increased their neurotoxic activity; i.e., the prevalence of TUNEL-positive target neurons increased to 23 Ϯ 1% compared with 12 Ϯ 1% after exposure to control (untreated) microglia ( p Ͻ 0.01). This glutamate-dependent killing was prevented by blocking the microglial mGluRII with EGLU ( p Ͻ 0.05) or by inhibiting NF-B activation, using a peptide that prevents dissociation and activation of the NF-B complex ( p Ͻ 0.05). In contrast, the p38 MAPK inhibitor had no effect. Note that the target neurons were not exposed to any of the inhibitors.
Together, these results point to involvement of glutamate from OGD-stressed neurons in activating microglial mGluRII receptors and increasing their neurotoxic functions through activation of NF-B and production of TNF-␣. . Group II mGluRs increase microglia neurotoxic activity via TNF-␣. A, Microglial neurotoxic activity is stimulated by a specific agonist of group II metabotropic glutamate receptors and inhibited by antagonists of mGluRII or TNF-␣. Microglia were treated for 24 h with the mGluRII agonist (250 nM DCG-IV), without (control) or with a drug added during a specific stage of the experiment (see Fig. 1 ), as follows. The mGluRII antagonist (250 M EGLU) or iNOS inhibitor (100 M SMT) was added during stage 2, and then after washing, the microglia were placed in the Transwell chamber above naive target neurons. The soluble TNF-␣ receptor 1 (50 ng/ml sTNFR1) or the peroxynitrite scavenger (2 M FeTmPyP) was added during stage 3. Killing of naive target neurons was monitored by TUNEL after 48 h and normalized to the signal from control neurons (as in Fig. 3) . All values are mean Ϯ SEM for the number of separate cell cultures indicated. Significant differences are shown between DCG-IV-treated and untreated microglia ( † p Ͻ 0.05), and for DCG-IV-treatment with or without a drug (*p Ͻ 0.05). B, The mGluRII agonist evokes TNF-␣ (but not nitric oxide) production from microglia. Microglia were treated for 24 h with 250 nM DCG-IV, and then TNF-␣ released into the supernatant was measured by ELISA (*p Ͻ 0.05), and NO (nitrite) production was monitored with the Griess assay.
Discussion
By developing a new in vitro model of the ischemic penumbra, which differs from the infarct core, we were able to dissect mechanisms underlying inflammation-mediated neurotoxicity with a degree of precision not previously possible. Figure 6 summarizes our in vitro results and relates them to postulated events, including microglial morphological changes as they progressively activate after a stroke in vivo (Fig. 6 B) . Microglia are well positioned to respond to chemical cues because they are in close proximity to neurons (Fig. 6 A) and can rapidly extend their processes toward damaged neurons (Davalos et al., 2005; Nimmerjahn et al., 2005) . After ischemia, these chemicals include glutamate, released from damaged neurons and by reversal of glutamate transporters in astrocytes. We found that microglial activation was caused by glutamate released from the OGD-stressed neuron/astrocyte cultures. Glutamate activated mGluRIIs on the "resting" microglia, which activated the transcription factor, NF-B. Subsequently, the activated microglia released TNF-␣, which killed naive neurons by an apoptotic pathway that was prevented by inhibiting caspase-3. Direct activation of microglial mGluRII did not stimulate nitric oxide production; thus, it is not surprising that the neurotoxicity did not involve iNOS, nitric oxide, or peroxynitrite. The same level of neurotoxicity was evident whether microglia were activated by OGD-stressed neurons, or the same concentration of glutamate they released, or by an mGluRII agonist. This is apparently the first study showing that microglia become neurotoxic after being exposed to OGD-stressed neurons, to elucidate the molecular events occurring in the microglia, or to identify the neurotoxic moiety.
Neurons are extremely susceptible to changes in oxygen or blood flow, and clinical studies have shown impaired neuron function after as little as 10 min of ischemia (Oechmichen and Meissner, 2006) . In animal models of ischemic stroke, neurons in the core rapidly become committed to die, because of changes in ion homeostasis and mitochondrial dysfunction (Beilharz et al., 1995) ; thus, it is not surprising that therapeutic strategies to rescue these neurons have failed. As a consequence, attention has increasingly focused on the surrounding penumbra, where neuron death can extend for days to weeks (Zheng et al., 2003) . To develop effective therapies, it is crucial to understand the neurotoxic mechanisms occurring in the penumbra. In such studies, a key question is how well the in vitro models represent the penumbra. Neuron necrosis in the core is thought to trigger microglia activation (Gehrmann et al., 1992) , with increased MHC (major histocompatibility complex) class II expression and production of proinflammatory cytokines (Lehrmann et al., 1997; Block et al., 2000) . Activated microglia can increase neuron death in animal models of ischemia (Block et al., 2000) and propagate neuron death in the penumbra (Sharp et al., 2000) . To our knowledge, no previous in vitro studies have mimicked events thought to occur in the penumbra. Instead, in vitro studies of neurotoxicity have often used coculture models, in which microglia stimulated with exogenous chemical activators (e.g., lipopolysaccharide) are used to kill neurons (Xie et al., 2002; Fordyce et al., 2005) . One study showed that microglia treated with neuron-conditioned medium became more activated, changed their morphology, and increased production of reactive oxygen species (Sudo et al., 1998) . Microglia activation after neuron damage has been examined in the more complex organotypic brain slice cultures (Pringle et al., 1997; Skibo et al., 2000) , and some of these studies support a protective role for microglia after OGD, through production of neurotrophic factors (Neumann et al., 2006) . Overall, the protective ver- Figure 5 . OGD-SNs increase microglia neurotoxic activity via mGluRII: involvement of NF-B activation and TNF-␣ release. A, Neuronal glutamate release was stimulated by OGD and unaffected by mGluRII inhibitors. Glutamate was measured in the supernatant of control neurons or neurons that had been exposed to 60 min of OGD (*p Ͻ 0.05), with or without an mGluRII antagonist, i.e., 250 M EGLU or 500 nM LY341495. Note that LY341495 was compared with its solvent, DMSO. Values were normalized to the amount of cell protein in each well and plotted as mean Ϯ SEM for the number of separate cell cultures indicated. B-D, Microglia on upper inserts of Transwell chambers were exposed to OGD-SNs for 24 h (B, C) or to glutamate for 24 h (15 M; D) with or without drugs and then washed and placed above naive target neurons in the lower chamber for 48 h, after which neuron death was assessed by TUNEL. B, Evidence for involvement of microglia mGluRII in neuron killing. OGD-SNs increased microglia neurotoxic activity compared with untreated microglia ( † p Ͻ 0.05), and this was inhibited by the mGluRII antagonists, 250 M EGLU or 500 nM LY341495 (*p Ͻ 0.05). C, TNF-␣ contributes to neuron killing. OGD-SNs increased microglia neurotoxic activity ( † p Ͻ 0.05), and this was inhibited by the soluble TNF-␣ receptor 1 (50 ng/ml sTNFR1; *p Ͻ 0.05). There was no effect of the peroxynitrite scavenger (2 M FeTmPyP) or the iNOS inhibitor (100 M SMT). D, Glutamate stimulates microglial neurotoxic activity through mGluRII and NF-B. Significant differences are shown for untreated versus glutamate-treated microglia (**p Ͻ 0.01) and glutamate-treated microglia with or without the mGluRII antagonist (250 M EGLU) or the IB inhibitor peptide (50 ng/ml) (*p Ͻ 0.05). Note that the p38 MAPK inhibitor (2 M SB 202190) is compared with its vehicle, DMSO.
sus detrimental effects of microglia after an ischemic stroke remain controversial. We designed the present penumbra model to elucidate communication mechanisms (particularly through soluble factors) between microglia, neurons, and astrocytes. It should prove useful for testing potential therapeutic approaches in an in vitro model that is much more relevant to the ischemic penumbra than previous models. An obvious limitation, compared with in vivo models, is that it does not account for the influence of infiltrating immune cells or the blood-brain barrier.
After a stroke, glutamate (Sharp et al., 2000; Bruhn et al., 2003) and other soluble factors released by neurons in the infarct core can diffuse to nearby cells and propagate the damage (for review, see Dirnagl et al., 1999) . Astrocytes, which normally help remove glutamate through uptake transporters, can potentially exacerbate the stroke damage when the transporters reverse to release glutamate (Kosugi and Kawahara 2006) . Glutamate apparently activates microglia in several CNS diseases (Matute et al., 2006) and in cerebrocortical slice cultures (De Cristobal et al., 2002; Fujimoto et al., 2004) , consistent with in vitro studies showing that direct activation of microglial mGluRIIs increases their neurotoxic behavior (Taylor et al., 2002 (Taylor et al., , 2005 ; present study). Here, we showed that OGD-stressed neurons activated the neurotoxic functions of microglia through their group II mGluRs, and we demonstrated neuroprotection by mGluRII antagonists that block mGluR2 and mGluR3. Based on the concentrations of glutamate produced by naive (ϳ7 M) and OGD-stressed neurons (ϳ15 M), these results are consistent with the loweraffinity mGluR2 receptor being the target. An advantage of the present experimental paradigm is that the role of mGluRs in microglia can be distinguished from other cells. In vivo studies using direct, chemical activation of group II mGluRs have produced conflicting results. After focal ischemia, in which microglia are thought to orchestrate damage in the penumbra (Block et al., 2000) , activating group II mGluRs had no effect (Lam et al., 1998; Bond et al., 1999) , whereas, this approach was neuroprotective after traumatic brain injury (Allen et al., 1999; Kingston et al., 1999) or global ischemia . Some possible explanations include the increased tissue complexity and comparisons between quite different damage models; that only global effects were studied, rather than site-specific effects in the penumbra; and possibly that agonist concentrations were used that activated different subtypes of group II mGluRs (i.e., mGluR2 vs GluR3), and on other cell types.
Specific molecules thought to trigger neuron death in the penumbra after a stroke include TNF-␣, IL-1␤, and reactive oxygen and nitrogen species (Sharp et al., 2000) . Although studies of a single molecule cannot rule out involvement of multiple pathways, high TNF-␣ concentrations cause neuron apoptosis through a caspase-8-mediated pathway (Feuerstein et al., 1998; Gorman et al., 1998) . TNF-␣ production increases after ischemia in vivo (Gabriel et al., 1999) , and depleting TNF-␣ receptors can reduce neuron damage (Sriram et al., 2006) . In the present in vitro penumbra model, we found that microglia activated by OGD-stressed neurons produced excess TNF-␣, which contributed to killing naive, healthy neurons. In principle, TNF-␣ can act in an autocrine manner on microglia (Kuno et al., 2005; Takeuchi et al., 2006 ) and a paracrine manner on neurons; however, increased caspase-8 activity in the target neurons demonstrates involvement of neuronal TNF-␣ receptors (Feuerstein et al., 1998; Gorman et al., 1998) . Our observation that microglia activated by the mGluRII agonist, DCG-IV, secreted TNF-␣ (but not nitric oxide), and that TNF-␣ was required for neuron killing, is consistent with earlier studies using the same stimulus (Taylor et al., 2002 (Taylor et al., , 2005 . Some studies found that inhibiting iNOS was neuroprotective (Galea et al., 1998; Zhang and Stanimirovic, 2002) and reduced infarct size in vivo after focal ischemia (Zhu et al., 2002) . We found that iNOS and peroxynitrite were not re- A higher-magnification image shows a typical microglial cell with processes abutting the neuronal cell body (near top) and wrapping around the axonal processes. Microglia are labeled with a rabbit polyclonal antibody against a membrane protein, Iba1 (Wako, Osaka, Japan), and an Alexa 488-conjugated goat anti-rabbit secondary antibody (green; Jackson ImmunoResearch Laboratories). Neurons are labeled with a mouse monoclonal MAP2 antibody (Millipore) and Cy3-conjugated goat anti-mouse secondary antibody (red; Jackson ImmunoResearch Laboratories). B, After a stroke, an inflammatory response develops over time, microglia become activated (their processes retract and they migrate to the damage site), and neuronal damage propagates into the surrounding tissue, the ischemic "penumbra." Note that the colors are reversed from A; i.e., microglia (red) are labeled with Iba1 antibody and a Cy3-conjugated secondary antibody, whereas rat cortical neurons (green) are labeled with MAP2 and a FITCconjugated secondary antibody. In these representative confocal micrographs from the rat brain after a stroke, microglia are ramified and densely distributed in the uninjured contralateral hemisphere (top image), but retract their processes and eventually become rounded up as they progressively activate on the damaged ipsilateral side (bottom two images). In this study, using an in vitro model of the stroke penumbra, we identified several events. (1) Glutamate, released by the OGD-stressed neuron-astrocyte cultures, reached sufficient concentrations to stimulate microglial mGluRIIs; this stimulation was blocked by the selective mGluRII antagonists, EGLU or LY341495. (2) Microglial activation was accompanied by activation of NF-B, not p38 MAPK. (3) Activated microglia produced and released TNF-␣. (4) TNF-␣ interacted with the target neurons, activating their p55/TNFR1 receptors, as judged by activation of caspase-8 (Gorman et al., 1998) . Neurotoxicity was reduced by scavenging TNF-␣ with soluble TNF-␣ receptor 1 (sTNFR1). (5) The target neurons died by apoptosis, as judged by caspase-3 activation and TUNEL. (6) Caspase 3 activation was required for excess neuron killing, because it was prevented by the caspase-3 inhibitor, DEVD-CHO, and by the broad-spectrum caspase inhibitor Boc-D-FMK. quired for neurotoxicity, an important observation because this model is more relevant to stroke than previous in vitro models of microglia activation. Clearly, the stimulus used can affect the neurotoxic molecules produced; i.e., LPS-activated microglia produce abundant nitric oxide, and peroxynitrite contributes to their neurotoxic behavior (Fordyce et al., 2005; Kaushal et al., 2007) .
Two primary signaling molecules in microglia, p38 MAPK and NF-B, and the consequent production of proinflammatory molecules (Pawate et al., 2004) have been linked to neuron death in vitro and in vivo [for review, see Zhang and Stanimirovic (2002) and Pawate et al. (2004) ]. We found that OGD-stressed neurons evoke NF-B activation in microglia, through a glutamate-and mGluRII-dependent mechanism, and that the resulting neurotoxic activity of the microglia requires NF-B activation. p38 MAPK was neither activated nor required. This is the first study linking microglial mGluRII with NF-B signaling, and is especially important because NF-B stimulates microglial production of TNF-␣ (Ginis et al., 2000) . Of note, the penumbra model differs from microglia stimulation by LPS, which activates both p38 MAPK and NF-B (Zhang and Stanimirovic, 2002; Kaushal et al., 2007) ; however, LPS, from Gram-negative bacteria, is clearly a poor model of ischemic stroke. More relevant is that p38 MAPK and NF-B activation have been observed in the penumbra in vivo after focal ischemia (Seegers et al., 2000; Krupinski et al., 2003) , their inhibition is protective (Zhang and Stanimirovic, 2002) , and both have been implicated in inflammation-induced neuron injury (Gabriel et al., 1999; Schneider et al., 1999; Sharp et al., 2000; Ferrer et al., 2003) . Despite the likelihood of additional mechanisms in vivo, the present in vitro study supports targeting microglial group II metabotropic receptors, TNF-␣ overproduction, and NF-B for reducing inflammation-mediated neurotoxicity after ischemic stroke.
